arXiv:1502.00350vl [cond-mat.mes-hall] 2 Feb 2015 


Resonant magneto-tunneling between normal and ferromagnetic electrodes in relation 

to the three-terminal spin transport 
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The recently suggested mechanism [Y. Song and H. Dery, Phys. Rev. Lett. 113, 047205 (2014)] 
of the three-terminal spin transport is based on the resonant tunneling of electrons between fer¬ 
romagnetic and normal electrodes via an impurity. The sensitivity of current to a weak external 
magnetic field stems from a spin blockade, which, in turn, is enabled by strong on-site repulsion. 

We demonstrate that this sensitivity exists even in the absence of repulsion when a single-particle 
description applies. Within this description, we calculate exactly the resonant-tunneling current 
between the electrodes. The mechanism of magnetoresistance, completely different from the spin 
blocking, has its origin in the interference of virtual tunneling amplitudes. Spin imbalance in fer¬ 
romagnetic electrode is responsible for this interference and the resulting coupling of the Zeeman 
levels. This coupling also affects the current in the correlated regime. 

PACS numbers: 72.15.Rn, 72.25.Dc, 75.40.Gb, 73.50.-h, 85.75.-d 


I. INTRODUCTION 


In the past decade there was a remarkable progress in 
fabrication of lateral structures which combine ferromag¬ 
netic and normal layers and exhibit spin transport. First 
experimental evidence of spin injection from a ferromag- 
net into a nonmagnetic material was obtained with the 
help of four-terminal (4T) technique. This technique was 
developed in the pioneering papers Refs. [TJ [H It utilizes 
two ferromagnetic electrodes, injector and detector, cou¬ 
pled to a normal channel. With detector circuit being 
open, the charge current does not flow between the elec¬ 
trodes. Instead, the current circulating in the injector 
circuit leads to the voltage buildup between the detector 
and the normal channel. This nonlocal voltage is sup¬ 
pressed by a weak magnetic field normal to the direction 
of magnetizations of the electrodes. Such a suppression, 
called the Hanle effect, reflects the precession of the spin 
of carriers in course of diffusion between the electrodes. 
Thus, the characteristic width of the Hanle curve is the 
inverse spin relaxation time. 

More recently, experimental studies of spin injection 
were carried out using the three-terminaP^ (3T) tech¬ 
nique. Unlike the 4T technique, in this technique the in¬ 
jector and detector electrodes are combined. The signal 
measured is the contact voltage between the ferromagnet 
and the normal channel. Sensitivity of this signal to the 
applied magnetic field is simply the magnetoresistance. 

Experimental results reported in Refs. l3lIT3l consis¬ 
tently reveal two puzzling features of the 3T magnetore¬ 
sistance. Unlike the Hanle curves, the magnetoresistance 
shows up for both orientations of the external field parallel 
and perpendicular to the magnetization of the injector. 
Moreover, the signs of magnetoresistance are opposite for 
the two field orientations. In addition, the 3T magne¬ 
toresistance curves are much broader than the inverse 
spin-relaxation times measured independently. In gen¬ 
eral, the basic underlying physics of magnetoresistance in 
transport between ferromagnetic and normal electrodes 
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FIG. 1: [Color online] Schematic illustration of resonant 

magnetotunneling between a normal electrode and a ferro¬ 
magnet. External field, tilted by an angle 0 from the direction 
of magnetization, causes a splitting, A^, of the the impurity 
level. For non-zero 0 two Zeeman levels get coupled via a 
continuum of the states in a ferromagnet. 


constitutes a puzzle. Indeed, since the normal electrode, 
acting as a detector, does not “discriminate” between dif¬ 
ferent spin orientations, the current should not be sensi¬ 
tive to the spin precession. 

Possible resolution of these puzzles was proposed very 
recently in the theoretical paper Ref. [14] and received 
some experimental support in the subsequent publica¬ 
tions Refs. Eani The main idea of Ref. [His that the 
passage of current between the ferromagnet and the nor¬ 
mal electrode can be modeled as resonant tunneling via 
an impurity, see Fig. On the qualitative level, the 
physics uncovered in Ref. [14] can be explained as follows. 
When the current flows from normal into ferromagnetic 
electrodes, the spins of electrons arriving on the impu¬ 
rity do not have a preferential direction. Suppose that 
the ferromagnet is fully polarized in f direction. Then 
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electrons arriving with spin ^ will never tunnel into the 
ferromagnet. External magnetic field induces precession 
of spins of the arriving electrons. Then the electrons, 
which were “trapped” on the impurity without magnetic 
field, get a chance to tunnel, unless the field is not paral¬ 
lel to the magnetization. As a result, the current, which 
did not flow in a zero field, becomes finite. Characteristic 
value of magnetic field can be estimated by equating the 
period of precession to the waiting time for tunneling. 
The mechanism is efficient if the spin relaxation rate is 
smaller than the tunneling rate. Obviously, for the re¬ 
verse bias, when electrons flow from the ferromagnet this 
mechanism does not apply. 

The key ingredient of the above scenario is a strong 
repulsion, [/, of t and ^ electrons on the impurity. In¬ 
deed, if the tunneling of the ^ electron is forbidden, then, 
without the repulsion, the current will be carried by t 
electrons, so that there will be no “blockade”. 

In the present paper we address a question: whether 
large U is indeed necessary to induce magnetoresistance. 
The question is delicate, since, for t/ = 0, the current 
does not depend on the polarity of bias. Thus, if mag¬ 
netoresistance is finite for tunneling into a ferromagnet, 
it should be the same for tunneling into a normal elec¬ 
trode, which is highly non-obvious. On the other hand, 
for = 0 the current can be calculated exactly. Indeed, 
resonant tunneling in external field can be viewed as a 
two-channel resonant tunnelin^I^ via the Zeeman-split 
levels. Our main analytical result is that magnetoresis¬ 
tance is finite for 1/ = 0, and its magnitude is about 50%. 
The physical origin of the magnetoresistance is the inter¬ 
ference of the two transport channels, or, in other words, 
the coupling of Zeeman levels via a continuum of states in 
the ferromagnet. We also trace how this couplin g a ffects 
the current in the regime of correlated transporfP^. 

The paper is organized as follows. In Sect. II we derive 
and analyze the expression for non-interacting resonant 
conductance via two Zeeman levels and, subsequently, for 
the net resonant current. In Sect. Ill we study how the 
coupling of the Zeeman levels via a ferromagnet affects 
the current in the presence of correlations. Concluding 
remarks are presented in Sect. IV. 


II. MAGNETORESISTANCE IN THE ABSENCE 
OF COULOMB CORRELATIONS 


A. General expression 


Within a non-interacting picture we can view the tun¬ 
neling through a single impurity in a magnetic field 
as tunneling via two Zeeman-split levels. The non¬ 
interacting current-voltage characteristics can be calcu¬ 
lated from the tunnel conductance, G(f), as follows 


I = 




G{£), (1) 


where V is the bias, and f{£) is the Fermi distribution. 



FIG. 2: Differential conductance, G{S), in the units of I'kK 
is plotted from Eq. (12) for different dimensionless magnetic 
fields, in the units A“rAr. ( a)-(d) correspond to A^/Fat = 
2.5, 4, 6, and 10, respectively. All curves are plotted for Ff = 
2FAT and the orientation of magnetic field, ^ = 15°. 


If the electrodes are normal, the tunneling via each 
Zeeman level, ±A^/2, proceeds independently, and G{E) 
is given by the Breit-Wigner formula 


r 






LJ- R 


7r;iL(£:±iA,)2 + i(ri + rfl)2J’ 


( 2 ) 


where Tl and F^^ are the widths with respect to tunneling 
into the left and right electrodes, respectively. 

Two tunneling channels are independent because the 
normal electrodes do not couple the Zeeman levels, since 
the corresponding spinors are orthogonal to each other. 
By contrast, a ferromagnetic electrode does introduce the 
coupling between the levels for any orientation of mag¬ 
netic field except for the field parallel to the magneti¬ 
zation. Indeed, if the angle between the magnetic field 
and magnetization is 6>, the spinors corresponding to the 
Zeeman levels are 


X+ = cos - t + sm - I, x_ = sm - t - cos - (3) 

where t and | are the spin states in the ferromagnet, and 
the azimuthal angle is set to zero. Denote with F^ and F^ 
the widths of the Zeeman levels with respect to tunneling 
into the ferromagnet for ^ = 0. At finite an electron 
in the state can virtually tunnel into the t-state 
of the ferromagnet. The amplitude of this tunneling is 
cos I. From the t-state it can then virtually tunnel into 
X_ with amplitude sin |. The electron can also proceed 
from to x_ via the | state of the ferromagnet. The 
corresponding amplitude is — sin|cos|, i.e. it has the 
opposite sign. As a result, the coupling matrix element 
between and x_ is equal to (F^ ~ sin | cos |. It 
is finite due to the difference in the densities of the inter¬ 
mediate states. 
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V/Fn, (c) and (d). In (a) and (b) the bias isV = 2rN, while 
in (c) and (d) the magnetic field is = 2rAr. In all plots 
ri? = I.SFat, polarization is p = 1/3, and temperature is 
lOFiv. 


This matrix enters into the calculation of the the differ¬ 
ential conductance, which is given by the matrix gener¬ 
alization of the Landauer formula 

G{£) = F^Tr{t^St^S^), (5) 

TTfl 

where the matrix T^, describing the the tunneling into 
the normal electrode, is diagonal 

r'' = 5) . (6) 


The matrix S, which is the Green function in the matrix 
form, is given by 


5= [£-E+'-{r^ + r^)] \ (7) 


The matrix E in Eq. Q encodes the energy level posi- 
tions 



FIG. 4: Resonant current calculated numerically from Eqs. 
0, ( p^ is plotted versus the dimensionless magnetic field, 
Az/Fn, for different field orientations. In all curves Ff = 
2Fn, the bias is R = lOF n and the temperature is T = IOFat. 



We will present the result of the evaluating of the ma¬ 
trix product Eq. ^ in the notations of Ref. [HI by 
denoting with Fat (instead of Fp) the tunnel width for 
the normal electrode and introducing the of polarization, 
p, of the ferromagnetic electrode 


where Fp = + F^) is the effective tunneling width 

for the ferromagnetic electrode, so that 

rl = rf(i + p), rt = rf(i-p). (lo) 


With two Zeeman levels coupled, the tunneling into 
the ferromagnet is described by a matrix 


With the new notations, the matrix Eq. 
compact form 


assumes a 


fL Mcos^f+r;^sin2| (r]: -rpcosf sinf\ 
\{rl - rt) cos I sin I r; sin^ I + rt cos^ 1/ 

( 4 ) 


pL^P A+pcos6' psin6» \ 

^ t p sin 6* 1 — P cos 9J ' 


( 11 ) 


The resulting expression for conductance, G{£), reads 


GiS) = — 

irh l£2 


+ liAl + r|,) - gA.pcos^ + 1(1 - p^)rF{2TN + Tp) _ 

1(A2 + + 2r fTn + (1 - p2)rp]' + [£{Tn + r^) - iTi^A^pcos^]' ‘ 


( 12 ) 
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B. Analysis 


Naturally, the dependence G{E) is an even function of 
£ only for the perpendicular orientation of magnetic field, 
0 = 7r/2. The asymmetry of G{£) is maximal for the par¬ 
allel orientation. The asymmetry becomes progressively 
pronounced with increasing magnetic field, as illustrated 
in Fig. 


The specifics of tunneling from the ferromagnet, as 
compared to the normal electrode, is that Eq. de¬ 
pends on the orientation of magnetic field. In Ref. |T7| 
the tunneling from cobalt-iron electrode into silicon via 
an oxide was studied using the inelastic electron tun- 

o 2 T 

neling spectroscopy. The curves exhibited different 
behavior for parallel and perpendicular orientations of 
magnetic field. Motivated by this findings, in Fig. [^we 
plot the calculated from Eq. (12) for 0 = 'k as 
a function of bias and magnetic fieldMogether with the 


difference of for 6> = 7r/2 and 0 = 0. The value at 
^ = 0 is finite due to finite polarization p = 1/3 of the fer¬ 
romagnet. All the plots correspond to high temperature 
T = IOTat, so that only the magnitude, not the shape, 
of the curves is T-dependent. It is seen from Fig. [^that 
the relative difference of second derivatives is ^ 10% and 
exhibits additional structure at small and at small 
bias. Still Fig. cannot account for the results of Ref. 
[T7| where the observed anisotropy was really strong. 

An interesting situation unfolds when the bias and 
temperature are of the same order and are much big¬ 
ger than the level width. Then the A; 2 -dependence of 
current, calculated numerically from Eq. ([^, exhibits a 
growth for perpendicular orientation and a minimum for 
parallel orientation as it is seen in Fig. 


C. The net current at large bias 


In 3T experiment^^H^ the net current showed the de¬ 
pendence on the magnitude and orientation of magnetic 
field. It is not obvious whether this dependence is cap¬ 
tured by Eqs. 0 , For tunneling between normal 

electrodes, p = 0, there should be no magnetoresistance. 
Indeed, the expression Eq. (12) can be presented as a 
sum of two Lorentzians 


G(£:) = -r.r. 


+ (£:+ia,) 2+(££+!A)iJ’ 


(13) 


SO that the A;^-dependence disappears upon integration 
over £. It turns out that magnetoresistance is nonzero for 
a finite p. We will present the result for the net current 
assuming that ferromagnetic electrode is fully polarized. 



FIG. 5: Resonant current (in the units eFA^/Tr/i) in the ab¬ 
sence of correlations is plotted from Eq. ( |14| ) versus the di¬ 
mensionless magnetic field, A^/Fat, for different field orien¬ 
tations. In all curves Ff = 2rAr. 


p = 1. Then the integration over £ yields 


/(A,) = ^TfTn 

{Al + r% + TNrF){TM + rF)-rFAlcos^e 
^ (A2 + r2^ + 2TNTF){rN + Tf)^- TfAI cos2 0 • 


(14) 


Eq. (14) is our central result. Sensitivity of the net cur¬ 


rent to A ;2 originates from the coupling of Zeeman levels 
via the ferromagnetic electrode [nondiagonal element in 
matrix Eq. (11)] and, thus, it is most pronounced for 
Ff ^ Fat. In this limit Eq. (HS can be simplified to 


/(A,) = ^r^,| 


1 - 


F/vF 


ATi F 


A2 Sin^ 0 + 2FArrF 


(15) 


The current Eq. (14) is a growing function of magnetic 
field for all orientations, 6>, see Fig. At large A^ the 
current saturates at the value 


_ p F F sin^ + F at 

h ^ ^r% + 2TFTN+T%sm^9' 


(16) 


This saturation value can be understood from the follow¬ 
ing argument. At large A;^ the tunneling via upper and 
lower Zeeman levels get decoupled. The tunnel width of 
the upper level is F^ cos^ | + Fiv, while the tunnel width 
of the lower level is F^ sin^ | + Fiv- The sum of the cur¬ 


rents corresponding to these widths yields Eq. (16). The 


same saturation value can be obtained from purely clas¬ 
sical consideration, by introducing the probabilities of all 
four variants of the occupation of the two Zeeman lev¬ 
els and solving the system of master equations for this 
probabilities. 

It is quite nontrivial that in Eq. ([T^ the characteristic 
scale of magnetic field, A;^ ^ (F^Fat) is much smaller 
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passage of current, say, from the ferromagnet (F) into 
normal electrode (N) via impurity (i) proceeds in simple 
cycles. At the first step, the electron tunnels from F to 
i, and at the second step, from ito N. The current is in¬ 
versely proportional to the average duration of the cycle, 
i.e. 


tF^N ^ ^_ 

q-F^i _j_ ’ 


( 20 ) 


where and are the average waiting times 

for the corresponding tunneling processes. Similarly, the 
current from A" to F is given by 


jN^F ^ ^_ 

—j— q-i — ^F 


( 21 ) 


FIG. 6: [Color online] The current from normal into ferro¬ 
magnetic electrode (in the units 2er f/ h) in the correlated 
regime is plotted versus dimensionless magnetic field, A^/Ff, 
for different orientations, 0 and F^ = 8Ff. Green curves are 
plotted from Eq. ( [M| , while the purple curves are plotted 
from Eq. (32), Ref. 1141 


than the level width Vf/2. This suggests that, while the 
tunneling times for each of the Zeeman levels is F^^, i.e. 
short, coupling of these levels via a ferromagnet modi¬ 
fies them in such a way that one of the resulting levels 


For a normal electrode, 

N^i 


the time 








= 2r 


N^i 


is related to 


( 22 ) 


reflecting the fact that tunneling from the electrode onto 
an empty impurity is possible for both spin directions, 
while the electron on impurity can tunnel only into the 
states in the electrode having the same spin direction. If 
the electrode F was unpolarized, the currents Eqs. (20) 
and (21) would be given 


possesses a long lifetime. Similarly to Refs. |T8l [191 fbe 
origin of this long lifetime can be traced to the complex 

tF^N _ ^ 

’ 

(23) 

poles of G(f) in Eq. (12). These poles correspond to the 

rJV->F _ 6 

(24) 

condition: det S~^ = 0, where the matrix S is defined 
by Eq. ([^. The secular equation reads 

q-i^F ' 

For a polarized electrode F the relation 

= 2r^^* 


£ — 2^^ 2 ^ ~ cos^)Fi7) 

+ l (rjv + (1 + cos0)rF) = (^rFsin6>]) . 

(17) 

The roots of Eq. ( p!7[ ) are 


2 L 


i{rNFTF)±\ Al-Tl-2iA,TF cos 0 . (18) 


For Tjsf <^Tf and Az <^Tf the imaginary parts of the 
roots are 


is not valid. In calculating one should keep in mind 
that electron can tunnel into F from both Zeeman levels 
described by spinors x+, x_, Eq. (|^, so that 


i^F 


i^F 




-^F 


(25) 


In the same way, in calculating it should be taken 

into account that the electron from F can tunnel into 
both Zeeman levels. The net rate of tunneling is given 
by 


Im Si = -Tf, 


j c ^ I 

Im f 2 = ^ + 


sin^ 0 
FTf ‘ 


(19) 


We see that the time (Im S 2 ) ^ is long, and defines the 
scale A ;2 (Fi^Fof magnetic field. 


III. CORRELATED TUNNELING 

With strong on-site repulsion, U, and the bias, V, ex¬ 
ceeding the Kondo temperature, the mechanism of trans¬ 
port is sequential tunneling. The scenario of this sequen¬ 
tial tunneling is most simple for U ^ F, when the dou¬ 
ble occupancy of the impurity is forbidden. Then the 


(^F^i)-i = (r^^^)-i + (rf^^)-i. ( 26 ) 

Upon these modifications, the times and can 

be very different. Suppose that the polarization is full, 
p = 1, and that the magnetic field is directed along 
the direction of magnetization. Then for we have 

= (2Fi7)“^, while = oc, reflecting the facfP^ 

that electron with spin f cannot tunnel into F, where all 
spins are f. For a finite angle, between magnetization 
and magnetic field this blockade is lifted. 

In calculating the tunneling times, it is very impor¬ 
tant that electron tunnels into F not from pure Zeeman 
levels, but from the levels coupled via F. This coupling 
is described by the non-diagonal element of the matrix 
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. Then the corresponding partial times are given 


(27) 

(28) 



^F^i 

h 


= T+ = 

2Im £+ ’ 


= = 

h 



2Im £- 


tN^F 




2e\ 


TfTnAI sin^ e 


h) [(2rAr + Tf)ai + 2r|,rjv] - cos2 e' 

as 


At small 0 we can expand the square root in Eq. 


where and £- are given by Eq. (18) with Eat = 0. 
It can be easily seen from Eq. (18) that the relation 




+ rt: 


F^i 


h 

2r p 


(29) 


holds. This, in turn, means that the current is 

simply equal to ^ri?r 7 v/( 2 ri? + Tat), i.e. it does not 
exhibit any magnetic-field dependenc^i^. On the other 
hand, with times given by Eq. ( p7| ), the current 
acquires a non-trivial A^-dependence. Taking into ac¬ 
count that 


lm£± 
Tf , Ir 


^-±(A2-r^) + -y(A2 - r2,)2 + 4r2^A2 COS^ 0 


we get 


(A2-r|)2 + 4r|,A2 


COS- 


'9^ A‘i + r% + 


2A2r2,6»2 

aIV 


, ry 

(33) 

It follows from Eq. (33) that the two results coincide at 
small 0. Otherwise, they are different, see Eig. The 
difference is most pronounced for Tp Tat, when the 
tunneling into F dominates the current. Eor example, 
for particular values = Tp and 0 = 7r/2, the current 
Eq. ( [ 31 ] ) is two times bigger than given by Eq. 

(32). The origin of the discrepancy is the form of the 


(30) 


Hamiltonian, adopted in Ref. [HI where strong Coulomb 
repulsion is ascribed to electrons in the states t and 
This is permissible only for ^ = 0. Eor nonzero the 
repulsion takes place between the electrons occupying the 
eigenstates and x_, see Eq. ( [^. Comparison of Eqs. 
(31) and (32) is presented in EigTlm 

At large A;^ the current Eq. (31) saturates at the value 


tN^F 


2e T fT at sin 0 
h Vf sin^ 0 2rAr 


(34) 


tN^F 


=(!) 


riv(A2 + T% - y(A2-r2,)2 + 4r^A2cos2 0) 


' iT^TF + Al+T%- y(A2 - r^)2 


■ 4r|,A2 cos2 9 


(31) 


It is instructive to compare the result Eq. ( |31[ ) with 
corresponding expression from Ref. |T4| for p = 1, which 
reads 


In this limit, the coupling between the Zeeman levels 
is n eglig ible, so that the value follows from 

Eq. (23), with = l/2rAr and r 

Naturally, the large-A^ limit of Eq. 


i^F ^ i/r^sin2(9. 
(32), in which the 


coupling of the Zeeman levels is completely neglected, 
coincides with Eq. (34). 


In closing of this Section we present the expression for 
the current which generalizes Eq. (31) to the case of a 


finite polarization of the ferromagnetic electrode 


■N^F ^ pex rAr(A2 + (2-p2)r2,-^(A2-p2r2^)2+4p2r^A2cos2^) 

V ft / 4rjvrF + A2 + (2 - p2)r2, - y (A2 - p2r2,)2 + 4p2r2,A2 COs2 9 ■ 


IV. CONCLUDING REMARKS 


• Our main physical message is that in resonant 
magneto-tunneling between the normal electrode 
and the ferromagnet, the effect of coupling of Zee- 
man levels via a ferromagnetic electrode affects 
the current both in correlated and non-correlated 
regimes. At this point we would like to draw a 
link to the earlier studies. Refs. na Eoi where 


the correlated resonant transport between the nor¬ 
mal electrodes via a two-level system, e.g. two 
quantum dots in paralleP^, was studied. The au¬ 
thors realized that the current is strongly affected 
by the coupling between the levels via continuum 
of the states in the electrodes, and that the rate- 
equations-based description is invalid due to this 
coupling. They demonstrated that this coupling 
gives rise to a strong dependence of current on the 
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FIG. 7: The effect of pseudomagnetic field on magnetotun¬ 
neling. The current (in the units 2eTFlh) in the correlated 
regime is plotted versus dimensionless magnetic field, A^/T 
for orientations 0 = 70° (a), 0 = 55° (b), 0 = 25° (c), and 
^ = 10° (d). The plots correspond to Tat = Tf and pseudo¬ 
magnetic field Ao = IOTf. 


energy separation of the levels. In our situation, 
this separation is simply the Zeeman splitting, A;^. 


In Refs. [191 (SOI the ferromagnet was mimicked by 
the asymmetry of coupling of the components of 
the two-level system to the electrodes. In our sit¬ 
uation, the source of asymmetry is the angle, 6>, 
between the magnetic field and the magnetization. 
The effect analogous to “magnetoresistance” was 
captured in Refs. |T9l |20j by numerically solving 
the master equations. Our situation, when only 
one electrode is ferromagnetic, is simpler, which al¬ 
lowed us to get the analytical result Eq. (31) for 
the correlated current. 


• In the correlated regime, the magnetoresistance is 
present only for one current direction N ^ F. Our 
result Eq. (14) suggests that outside the block¬ 
aded regime V > when the current is the same 
for both voltage polarities, the magnetoresistance 
is still finite and strong. Probably, this prediction, 
equal mangetoresistances for both bias polarities, 
for high enough bias can be tested in 3T spin- 
transport experiments. 


• Except for the p apers Re fs. [23| |25l the bulk of 
theoretical studies ^^^ * ^^^ ^ of resonant transport 
between two ferromagnetic electrodes was focused 
on the low-temperature Kondo regime. As it was 
pointed in Ref. [23l outside the Kondo regime, in 
addition to blocking, there is another prominent 
many-body effect, which results from the polariza¬ 
tion of the electrodes and might affect the trans¬ 
port. Namely, the on-site repulsion gives rise to a 


pseudomagnetic field 

rVl2 


^ ./-y/2 


J-v /2 — U e) 


(36) 


directed along the magnetization. The structure 
of Eq. (36) suggests that the underlying mech¬ 
anism is similar to cotunneling. Incorporating 
of this field into Eq. (31) is performed by re¬ 
placing A;^ cos d with A;^ cos 6> + Aq and A^ with 
A^ -j- Aq + 2A;2Aocos 6>. The effect of pseudo¬ 
magnetic field on the shape of magnetoresistance 
curves is illustrated in Eig. We see that for 
large enough Aq ^ lOF f the shapes can undergo 
a dramatic transformation becoming asymmetric 
and even non-monotonic. Still these shapes do not 
explain experimental observation that the current 
grows with A;^ at = 7r/2 and drops with A;^ at 
6> = 0. To account for this observation it was as¬ 
sumed in Ref. [T4|that, in addition to external field, 
a strong in-plane hyperfine field is present. 


• Throughout the paper we assumed that the impu¬ 
rity level position, fo, is zero. In fact, we required 
that fo lies within the interval (—y, y), see Eig.j^ 
Eor f0 lower than — y the resonant tunneling is for¬ 
bidden. It will be allowed agaiii^when falls into 
the interval ^ ^—U) (impurity of the “type 

B” in the language of Ref. [T4|) . Then the interme¬ 
diate state for the passage of current will be doubly 
occupied, and magnetoresistance will be presenlP^ 
for but absent for . If Eq is lower than 

— ^ but above y — [/, the mechanism of passage of 
current is cotunneling, i.e. an elastic two-electron 
process in course of which one electron leaves the 
impurity to N and another arrives from F. The co¬ 
tunneling rate, is given by ^ F pT at/^o? so 

that the magnitude of current is Jc = There is 
a question whether or not the cotunneling current, 
jF^N ^ exhibits the magnetic field dependence. In 
our opinion it does. Indeed, without the magnetic 
field and for fully polarized F electrode, the state 
of the impurity after a single cotunneling act is 
This forbids the next cotunneling act, so that 
Jc = 0. Finite magnetic field lifts this blockade in 
the same way as it does for a direct resonant cur¬ 
rent. We thus expect the mangetoresistance of the 


form = e 


A^TcSin^ 0 / + 
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